A high sensitivity very low frequency (VLF) receiver is developed based on AD744 monolithic operational amplifier (Op-Amp) for earthquake data acquisition. In research related natural phenomena such as atmospheric noise, lightning and earthquake, a VLF receiver particularly with high sensitivity is utterly required due to the low power of VLF wave signals received by the antenna. The developed receiver is intended to have high sensitivity reception for the signals in frequency range of 10-30kHz allocated for earthquake observation. The VLF receiver which is portably designed is also equipped with an output port connectable to the soundcard of personal computer for further data acquisition. After obtaining the optimum design, the hardware realization is implemented on a printed circuit board (PCB) for experimental characterization. It shows that the sensitivity of realized VLF receiver is almost linear in the predefined frequency range for the input signals lower than -12dBm and to be quadratic for the higher level input signals.
Introduction
Very low frequency (VLF) waves due to their wavelength can diffract around large obstacles and can propagate as ground waves following the curvature of the earth. VLF waves which also preferred as myriametre waves are, in general, produced by a variety of natural phenomena. Atmospheric noise, lightning, and earthquake are some of the phenomena that dominantly generate VLF waves in nature where the impulses travel at the distance along the magnetic field lines of earth from one hemisphere area to the other [1] . VLF waves can also be man-made generated using electronic devices for numerous applications such as for government radio station and military communication [2] . Some radio transmitters operate using VLF waves around frequency range of 15-30kHz are used mainly for marine navigation, communication with submersed submarines, and other research purposes [2] [3] . A recent research related underwater sensor network (UWSN) has been reported by employing VLF of 7kHz as a carrier frequency [4] . Meanwhile, the use of VLF waves has also been implemented to characterize the subsurface of earth in some region and to control the ultrasonic motor through the pulse width modulation control method [5] [6] . Some research projects that use VLF waves which has been recently investigated intensively are Atmospheric, Weather, Electromagnetics System for Observation, Modeling, and Education (AWESOME) and Sudden Ionospheric Disturbance (SID) [7] [8] [9] [10] [11] .
Basically, VLF waves with the radio spectrum extends from 3-30kHz has a capability to achieve very long distance and is easily influenced by the condition of ionosphere. It is one of reasons why VLF waves are commonly applied in researches related with natural phenomena. However, as is already known that standard communication receivers rarely receive the signals in such low frequency. Moreover, the use of common antennas will be ineffective due to the very long dimension of its wavelength which ranges from 10km to 100km. Therefore to compensate an unavoidable matter influenced by natural phenomena especially for research with VLF waves, a high performance equipment of VLF receiver is absolutely required. In recent TELKOMNIKA ISSN: 1693-6930  High Sensitivity Very Low Frequency Receiver for Earthquake Data Acquisition (Achmad Munir) 151 times, some researches related seismo-electromagnetic field have utilized VLF waves associated with earthquake as detected by the sub-ionospheric radio signal for earthquake precursor [12] [13] [14] [15] . The essential factor in such researches is the reliability of receiver system in maintaining the process of data acquisition with high fluctuated level of received VLF signals. It should be noted that the level of received VLF signals are less than few microwatts. Thus, it is necessary to ensure that VLF signals arriving at the receiver can be further processed for data acquisition without defecting the important information contained in the signals. Here, a VLF receiver with high sensitivity is one of the important front-end devices required for earthquake data acquisition. According to the requirement above, a high sensitivity VLF receiver is proposed to be designed for earthquake data acquisition. The VLF receiver which is intended to operate at frequency range of 10-30kHz is developed from the previous work based on a high sensitivity AD744 monolithic operational amplifier (Op-Amp) as a main component to achieve the requirement [11] . Two frequencies of VLF transmitters spread around the world which are frequently used in research of VLF waves associated with earthquake, i.e. VTX transmitter at India works at frequency of 18.2kHz and NWC transmitter at Australia operates at frequency of 19.8kHz, will be used as a basis on the development of VLF receiver. Furthermore, the VLF receiver is also expected to produce high gain output signal along the desired frequency range. Therefore, sensitivity and gain will be paid more attention in the development process. In addition, the VLF receiver is also designed to be portable and connectable to the soundcard of personal computer for data acquisition process.
Design of VLF Receiver
In general, as shown in block diagram of Figure 1 , the input VLF signals radiated from some VLF transmitters are received by the antenna. Since the level of received signals is almost in few microwatts or less, hence a VLF receiver should possess high sensitivity and high gain characteristic to process the received signals to have an acceptable level for further processing. The output signals are supposed to be buffered before being transformed into a specific signal required by personal computer for data acquisition process. In most cases, there are several parameters of VLF receiver that should be taken into account in the design process including gain, linearity, sensitivity and noise figure. However, among those parameters, sensitivity and gain will be paid more attention due to their important roles in determining the performance of VLF receiver. In order to acquire the design requirement, a high sensitivity AD744 Op-Amp is employed in the design for developing VLF receiver [16] . The choice of AD744 monolithic Op-Amp as a front-end receiver component is based on fact that the AD744 Op-Amp offers the excellent dc characteristics with enhanced settling, slew rate and bandwidth. Furthermore, the Op-Amp is also equipped with internal compensation in yielding stable operation whether as a unity gain inverter or as a non-inverting amplifier with a gain of two or greater. In addition, the AD744 Op-Amp provides the option of using custom compensation to achieve exceptional capacitive loading drive capability. The overall schematic diagram of VLF receiver developed using a monolithic AD744 Op-Amp is illustrated in Figure 2 with the value of each component is summarized in Table 1 . As shown in Figure 2 , VLF signals from antenna is coupled through C 9 and amplified using a voltage follower of AD744 amplifier in which the gain of amplifier is determined from the ratio of R 8 and R 7 as expressed in Equation (1) . In this case, C 9 also acts as a highpass filter together with R 6 to avoid interferences from the dc current. A pair of D 1 and D 2 is connected to the RC filter to protect the amplifier from surge voltages coming from input signals. A stable operation of amplifier with external compensation for a capacitive loading is achieved by connecting C 10 in parallel with R 8 . The recommended values of R 7 , R 8 and C 10 along with expected slew rate and bandwidth for various gain and load are tabulated in 2500  4990  4990  150  2  37  2300  4990  4990  1000  2  14  1200  499  4990  270  11  75  1200  499  4990  390  11  50  850  499  4990  1000  11  37  600 The output of AD744 amplifier is then buffered using a balanced line driver of SSM2142 to obtain a balanced output signal pair with high impedance output. Here, the choice of SSM2142 balanced line driver is based on its performance in the solution of fully balance transformer-based for line driving. Moreover, the SSM2142 balanced line driver maintains lower 153 distortion and occupies much less board space than transformers while achieving comparable common-mode rejection performance with reduced parts count [17] . Hence, from a crosscoupled electronically balanced topology, the SSM2142 mimics the performance of fully balanced transformer-based solutions for line driving. An output signal obtained from the SSM2142 balanced line driver is then fed into the audio transformer of A262A2E where its output is connectable to the soundcard of personal computer for further data acquisition. Since both active components require a symmetrical bias voltage to work properly, therefore an NMH1215S dc-dc converter is employed to produce symmetrical bias voltage converted from a dc 12V battery [18] .
Realization and Characterization
From the optimum result of design, the prototype is then realized on a printed circuit board (PCB) for experimental characterization. The layout diagram of PCB which is constructed based on the schematic diagram and its components placement are shown in Figure 3 . Meanwhile, Figure 4 shows the picture of realized VLF receiver deployed on a PCB with the dimension of 64mm (length) x 56.7mm (width). To obtain the construction of VLF receiver portably, all parts of receiver including a dc 12V dry battery, PCB, wiring cables, switches and sockets for personal computer are placed in a closed metal box as shown in Figure 5 . The metal box takes the dimension of 160mm (length) x 96mm (width) x 53mm (height). Finally, the experimental characterization is performed using a signal generator and a spectrum analyzer to characterize some parameters of realized VLF receiver including sensitivity and gain in the frequency range of 10-30kHz. It is noticeable that the frequency range above is chosen to match the real application. The characterization results for sensitivity and gain are depicted in Figures 6 and 7 , respectively. The sensitivity of realized VLF receiver shown in Figure 6 is characterized by setting the input signal generator for some different frequencies, meanwhile the gain plotted in Figure 7 is measured with the input signal generator varied from -30dBm up to 0dBm. In the sensitivity measurement, the input and output signals are measured at 10kHz, 17kHz, 18kHz, 19kHz, 20kHz, and 30kHz. From the sensitivity result shown in Figure 6 , it is seen that the realized VLF receiver has almost linear sensitivity for the input signal lower than -12dBm and quadratic sensitivity for the input signal higher than -12dBm. The sensitivity of realized receiver is also invulnerable for as the variation of input signal frequency. Hence, it is a beneficial in processing VLF signals with different frequencies. The measured result shows that the input signal less than -25dBm around frequency range of 18-20kHz is still detectable by the receiver which is indicating high sensitivity of realized VLF receiver. Meanwhile form the measured gain plotted in Figure 7 , the gain performance of realized VLF receiver has satisfied the requirement for frequency range of 10-30kHz with the maximum gain of 8dB for the input signal around -5dBm. It shows that the measured gain tends to be linear for the input signal above than -8dBm and lowers for the input signal less than -8dBm. This is in contrast with the measured sensitivity for the same range of input signal which is probably evoked by the characteristic of Op-Amp itself. Although there is some fluctuation of output signal in the frequency range below 15kHz for the input signal of -8dBm, in general the gain of realized amplifier is almost flat for various frequency ranges of input signal. Therefore, from the measured results of sensitivity and gain, it can be inferred that the realized VLF receiver is implementable to process the received VLF signals.
Conclusion
A high sensitivity VLF receiver for earthquake data acquisition has been developed based on an AD744 monolithic Op-Amp. The realized VLF receiver which was constructed portably and equipped with an output port connectable to a personal computer has been measured experimentally for characterizing its sensitivity and gain. It has been demonstrated that the measured sensitivity was high enough to receive the small input signal up to -30dBm. Meanwhile the gain performance of realized VLF receiver has satisfied the requirement for the frequency range of 10-30kHz. Although the experimental characterizations have been still carried out in the laboratory instead of in the field measurements; however the measured results have shown that the realized VLF receiver is applicable for processing the received signals from VLF transmitters. 
